We tested the hypotheses that higher insulin among AA vs. EA precipitates an earlier elevation of estradiol (E2), an associated earlier AgeM, and greater gain in body fat.
D
istinct racial differences in the time course of sexual maturation have been noted between African-American (AA) and European-American (EA) girls. Numerous studies have demonstrated AA mature at an earlier age, entering into puberty and experiencing menarche approximately a year before EA girls (1) (2) (3) (4) . For example, using data collected from National Health and Nutrition Examination Survey III (n ϭ 1623), it has been reported that 52.7% of AA girls, compared with 23.2% of EA girls, had pubic hair by age 9 yr, whereas 35.1% of AA and only 11.8% of EA reported attaining menarche by age 11 yr (5). Sim-ilarly, the Pediatric Research in Office Setting group, a study of 17,077 children, reported mean age of breast development at 9 yr in AA, compared with 10 yr in EA, and mean onset of menarche at 12.2 yr in AA, compared with 12.9 yr in EA (6) . The mechanism for these differences is not clear; however, age at menarche (AgeM) and the associated endocrine changes may affect a female's health later in life.
One aspect of female health that may be affected by early menarche is obesity. Epidemiological and clinical research studies strongly suggest an association between menarche and adiposity. Numerous studies have indicated that early maturing girls demonstrate an increased body mass index (BMI), have higher body fat mass, are nearly twice as likely as average maturing girls to be overweight, and are more likely to be obese as adults (4, 6 -8) . Although these observations suggest that the changes in the reproductive-endocrine milieu associated with menarche are involved in the regulation of body composition, a causal relationship between AgeM and adiposity has not been established.
Whether earlier AgeM among AA vs. EA girls is associated with ethnic differences body composition is not clear. However, ethnic differences in adiposity between AA and EA have been reported. In general, these differences are not present in prepubescent EA and AA girls but are apparent during early adulthood. It has been suggested that the racial disparity in adiposity likely develops in early adolescence and may be influenced by puberty. Kimm et al. (3) reported that the critical age for racial divergence in adiposity was age 12 yr, which also was the mean age of menarche in EA girls in that study (approximately a year after AA girls experienced menarche).
One of the factors that may affect both the timing of reproductive maturation and body composition, as well as ethnic differences in these measures, is insulin. In a study to ascertain whether insulin may be one of the factors related to the racial divergence in BMI and obesity, Klein et al. (9) observed that AA girls had higher baseline insulin, even after controlling for BMI, and that insulin increased more during puberty and decreased less after puberty among AA girls, compared with EA girls. Other investigators likewise have reported higher insulin among AA vs. EA children (10, 11) . It is possible that the differences in insulin response and action may stimulate the hypothalamic-pituitarygonadal (HPG) axis (12, 13) such that GnRH is stimulated earlier in AA girls.
The objectives of this study were to determine whether there were ethnic differences in insulin and reproductive hormone levels during the prepubertal and early pubertal years in a biracial cohort of girls from Birmingham, AL, and to determine whether insulin was associated with either the reproductive-endocrine axis or AgeM, as estimated using pubertal stage and concentrations of estradiol (E2) and FSH. We hypothesized that insulin would be positively associated with greater concentrations of reproductive hormones, and inversely associated with AgeM. Therefore, we hypothesized that AA, having higher insulin would have higher E2 and as a result, earlier AgeM. Furthermore, we hypothesized that AgeM would be inversely associated with body fat accumulation as girls traversed puberty. We presumed that with earlier AgeM in AA, more body fat would be accumulated throughout puberty.
Subjects and Methods

Experimental subjects
Subjects were the female participants of a longitudinal investigation on the influence of body composition on disease risk in children and adolescents. A total of 137 girls participated in the study; 57 were AA and 80 were EA. Average age at baseline was 8 yr. Average number of visits was four, commencing with 137 girls completing visit 1, 117 at visit 2, 94 at visit 3, 85 at visit 4, 67 at visit 5, 56 at visit 6, 39 at visit 7, 28 at visit 8, 6 at visit 9, and 10 at visit 2. There were no differences in evaluation number according to race.
Protocol
Subjects were recruited using advertisements at clinics and word of mouth and were excluded if they had prior illness, took medication known to affect body composition, or had a chronic medical condition (e.g. diabetes, asthma). Race/ethnicity was defined on the basis of selfascribed ethnicity of children's parents and grandparents. Subjects returned annually for metabolic testing. All testing was performed in the follicular phase of menstrual cycle after menarche was initiated. At each annual visit, girls were admitted to the General Clinical Research Center for an overnight evaluation. Anthropometric measurements, including assessment of sexual maturation, were obtained. After 2000 h, only water and/or noncaloric decaffeinated beverages were permitted until after morning testing. After the overnight fast, blood was collected for hormone analyses, and a tolbutamide-modified, frequently sampled intravenous glucose tolerance test was performed. Body composition was determined by dual x-ray absorptiometry (DXA). Before participating in the study, the girls and parents provided consent to the protocol, which was approved and followed regulations by the Institutional Review Board for Human Subjects at the University of Alabama at Birmingham.
Assessment of sexual maturation
Pubertal stage, according to the criteria of Marshall and Tanner (14) was assessed. With this method, pubertal status is assigned a value from 1 to 5, with 1 being prepubertal and 5 being postpubertal. Qualified pediatricians assessed pubertal stage in all girls.
Assessment of body composition
Girls arrived at the Department of Nutrition Sciences in the fasted state. Body composition (total body fat mass and nonbone lean tissue mass) was measured by DXA using a Lunar DPX-L densitometer (Lunar Radiation Corp., Madison, WI). Subjects were scanned in light clothing, while lying flat on their backs with arms at their sides. DXA scans were performed and analyzed with pediatric software version 1.5e (Lunar Radiation Corp., Madison, WI). DXA has been found to be highly reliable for body composition assessment in children; in our laboratory the coefficient of variation (CV) for repeated measures of total body fat mass was 6.55%. Height was measured to the nearest centimeter using a stadiometer and weight was measured on an electronic scale while children wore light clothing.
Intravenous glucose tolerance testing
On the morning after the overnight fast, a topical anesthetic (Emla cream; AstraZeneca, Wilmington, DE) was applied to the antecubital space of both arms, and flexible iv catheters were placed in both arms. Baseline samples were collected for hormone analysis. At time zero, glucose (25% dextrose; 11.4 g/m 2 ) was administered iv. Blood samples (2 ml) were collected at the following times relative to glucose administration at 0 min: Ϫ15, Ϫ5, Ϫ1, 2, 3, 4, 5, 6, 8, 10, 14, 19, 22, 25, 30, 40, 50, 70, 100, 140, and 180 min. Tolbutamide (125 mg/m 2 ) was injected iv at 20 min. The acute insulin response to glucose (AIRg), an approximation of first-phase insulin secretion, was calculated as the incremental area under the curve for insulin during the first 10 min after glucose injection using trapezoidal methodology (15) . Values for fasting insulin were obtained from the average of the two baseline values. Glucose and insulin values were entered into the MINMOD computer program for determination of insulin sensitivity as described elsewhere (16) .
Biochemical analytes
All analyses were conducted in the core laboratory of the General Clinical Research Center and Clinical Nutrition Research Center at the University of Alabama at Birmingham.
Glucose was measured in 10 l sera using an Ektachem DT system (Johnson & Johnson Clinical Diagnostics, New Brunswick NJ). The intraassay CV for this analysis was 0.61% and the mean interassay CV was 1.45%. Insulin was assayed in duplicate 200-l aliquots with Coat-A-Count kits (Diagnostic Products, Los Angeles, CA). In our laboratory, this assay has a sensitivity of 11.4 pmol/liter (1.9 IU/ml), a mean interassay CV of 5%, and a mean interassay CV of 6%. Commercial quality control sera of low, medium, and high insulin concentration (Lymphochek; Bio-Rad Laboratories, Inc., Anaheim, CA) were included in every assay to monitor variation over time. Serum E2 was measured in 200-l aliquots using a double-antibody RIA (Diagnostic Products). Assay sensitivity is 15.42 pmol/liter, mean intraassay CV is 4.69%, and interassay CV is 6.0%. FSH and dehydroxyepiandrosterone sulfate (DHEA-S) were measured in 100-l aliquots by immunoradiometric assay (kits acquired from Diagnostic Products). In the Core Laboratory, for DHEA-S the assay sensitivity is 7.0 g/dl, the intra-and interassay CVs are 8.11 and 4.22%; for FSH the assay sensitivity is 0.05 mIU/ml and the intra-and interassay CVs are 3.47 and 7.59%, respectively.
Menarche
Age at menarche was calculated as the midpoint age between the age at the annual visit during which the subject first reported having a menstrual cycle and the age at the previous annual visit, as described elsewhere (5). In addition, girls who had E2 concentrations greater than 16 pg/ml and FSH concentrations greater than 3.4 IU/liter were classified as postmenarchal (5, 13, 17) . Age at adrenarche, which occurs approximately 2 yr before menarche, also was estimated based on a surge in DHEA-S level greater than 13 pg/ml as described (13) .
Statistics
Total fat mass, lean mass, fasting insulin, insulin sensitivity, and AIRg were not normally distributed and were log transformed before analyses. This transformation yielded a normal distribution, and these transformed variables were used in all subsequent analyses. Levels for all measures that were greater than 3 SD above or less than 3 SD below the mean were removed from analyses.
For descriptive comparisons, subjects were grouped by both age (7-15 yr) and pubertal stage and stratified by race. Racial differences in reproductive hormones (E2, FSH), fasting insulin, AIRg, and percent fat were examined at each age and pubertal stage using independent t tests. Annual fat gain before and after menarche was compared using t tests. Girls with high vs. low AIRg (using median AIRg as a cutoff) were also compared using t tests.
Multiple linear regression analyses were conducted for the dependent variables AgeM and age at adrenarche. In each model, fasting insulin (or AIRg) and race were included as independent variables. All regression models included body composition measures as covariates. In addition, multiple linear regression models were constructed to determine independent predictors of E2. One model was analyzed according to age, whereas the other was analyzed according to pubertal stage. Race and insulin (either fasting insulin or AIRg) were independent variables. Both models were adjusted for lean body mass and total fat mass.
For longitudinal analyses, mixed-model analyses were used to account for intraperson correlations among repeated measures. Analyses were conducted for the dependent variables E2, FSH, AIRg, and total fat mass to identify independent contributions of age, race, and the age-byrace interaction. To identify predictors of E2 concentration as subjects traversed puberty, models were examined in which age and race were fixed variables, fasting insulin or AIRg and race were independent variables, and visit number and subject ID were used in the repeated statement.
Results and Discussion
Descriptive statistics
At baseline, AA had higher fasting insulin and AIRg than EA. AA experienced menarche and adrenarche nearly a year earlier than EA (Table 1) . When stratified according to age, AA had significantly higher fasting insulin from age 8 to 10 yr and greater AIRg at all time points (Fig. 1) . E2 was significantly higher among AA throughout most of the progression of puberty (Fig.  2) . AA also had higher FSH concentrations as they entered and traversed puberty (P Ͻ 0.05 at ages 7, 9, and 11 yr). Pubertal stage was higher in AA than EA at all ages, with the difference being significant at age 9 -14 yr (Fig. 3) . When comparing E2 concentration within pubertal stages, E2 was higher in AA at each pubertal stage, albeit only significantly higher at Tanner stage I (P Ͻ 0.05). AA had significantly greater fat mass and percent fat at ages 9, 12, and 14 yr (P Ͻ 0.05). Among EA, the increase in fat mass was similar both before and after menarche (9.4% per year before vs. 10.0% per year after), whereas among AA, fat deposition nearly doubled after menarche (8.4% per year before vs. 14.9% per year after). Insulin sensitivity was significantly greater among EA vs. AA at ages 9, 11, 12, 13, and 14 yr. Before age 10 yr, there was no difference between ethnic groups in intraabdominal adipose tissue; however, EA girls aged 10 -12 yr had greater intraabdominal adipose tissue than AA girls of the same age (P Ͻ 0.01, P Ͻ 0.001, P Ͻ 0.05, for ages 10, 11, and 12 yr, respectively). In both EA and AA, fat gain after menarche was distributed evenly between the upper and lower body, and there was no ethnic difference in how fat gain was distributed.
In an effort to determine whether other factors may have contributed to the differences in insulin dynamics or hormonal response an estimate of socioeconomic status (SES; estimated by the Hollingshead 4 factor index), dietary intake (estimated by three 24 h recalls), and physical activity (assessed by self-reported questionnaire) were evaluated (data not shown). Although SES was lower among AA, SES was not found to be associated with insulin dynamics or hormone response in either group. Intake of macronutrients was not different between EA and AA and was not associated with outcome variables. In addition, AA reported greater amounts of daily physical activity than their EA counterparts, yet daily physical activity was not related to changes in insulin parameters or hormone levels.
When the sample was divided into groups based on high vs. low AIRg (using median AIRg ϭ 800.3), higher AIRg was associated with higher E2 in both EA and AA girls. However, when stratified by race, AA girls had significantly higher E2 than EA in the high AIRg group, whereas in the low AIRg group there was not a difference in E2 concentration between EA and AA (Fig. 4) .
Multiple regression analyses
In multiple regression analyses, the only independent predictor of both age at menarche and age at adrenarche was race (P Ͻ 0.01, P Ͻ 0.01, respectively) ( Table 2 ). E2 was predicted by both fasting insulin and AIRg (P Ͻ 0.05 for both).
When E2 levels within each pubertal stage were analyzed according to race, fasting insulin was associated with E2 in Tanner stages I (P Ͻ 0.01) and II (P Ͻ 0.01) among AA but not EA. When AIRg was used in place of insulin, AIRg was not a significant predictor of E2 in EA or AA.
Longitudinal analyses
In mixed-model analysis, age and race were significantly associated with AIRg, such that AIRg increased with age in both AA and EA but to a significantly greater extent among AA (Fig.  1 ). E2 increased with age and was greater among AA vs. EA. A significant age-by-race interaction indicated that E2 concentration in AA increased at a greater rate in AA than EA (Fig. 2) . Similar interactions were demonstrated for FSH (P Ͻ 0.001) (data not shown). Total fat increased with age in both EA and AA (P Ͻ 0.001) (data not shown).
In the mixed model with E2 as the dependent variable, fasting insulin and race were significant predictors. When AIRg was Comparison in serum E2 concentration by age in AA (f) and EA (OE) girls. Multivariate linear regression modeling indicated significant age (P Ͻ 0.001) and race (P Ͻ 0.05) effects as well as age by race interaction (P Ͻ 0.001). Error bars, SEM. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. used instead of fasting insulin, both AIRg and race were significant predictors of E2. When data were analyzed within each race group, fasting insulin was significant among AA but not EA.
This study sought to determine whether higher insulin among AA vs. EA girls precipitates an earlier elevation of E2, an associated earlier AgeM, and greater gain in body fat. We found that higher AIRg was associated with greater E2. Fat deposition nearly doubled after menarche among AA, but not EA, girls. These results suggest that earlier age at menarche, higher E2, greater postchallenge insulin secretion, or a combination of these factors may enhance fat deposition in AA girls.
Several earlier studies have indicated that AA girls mature earlier than EA girls. Similarly, we observed that AA girls entered into menarche nearly a year earlier than EA girls (10.7 and 11.6 yr, respectively). Pubertal stage also was higher in AA relative to EA at each age. These observations suggest that AA girls may not only enter puberty sooner but also progress through puberty more quickly.
Earlier AgeM among AA may be due to their greater insulin. Insulin has been implicated as a causal factor in pubertal timing. Although increased insulin response, as a reflection of transient pubertal insulin resistance and is recognized as a characteristic of puberty, existing literature has suggested that girls who mature earlier have an exaggerated insulin response that is disproportionate to their insulin resistance (4). Ibanez et al. (18) demonstrated that both premature pubarche and premature adrenarche were associated with hyperinsulinemia in girls. Thus, an exaggerated insulin response may be causally related to earlier puberty.
Insulin may affect the timing of puberty via action on the HPG axis. The onset of menarche is characterized by changes in the HPG axis resulting in an increase in frequency and amplitude of the GnRH pulse generator and resultant surge in reproductive hormone secretion. The response to increased reproductive hormone production is activation of the ovary and initiation of menses. Although the exact mechanism remains unclear, it appears that insulin exhibits a stimulatory effect on ovarian cells resulting in an increased production of reproductive hormones and also may act on the pituitary to increase the sensitivity of gonadotropins to GnRH (19) .
The greater insulin response among AA before the onset of puberty may accelerate hormonal changes. Gower and colleagues (20 -22) , as well as others, have noted that both prepubertal and pubertal AA are more insulin resistant and have a higher acute insulin response to glucose than age-and BMImatched EA children. Thus, we tested the hypothesis in this study that earlier AgeM among AA girls would be associated with their higher insulin.
Our data did not provide direct support for the role of insulin or insulin sensitivity in the earlier AgeM of AA vs. EA girls. In addition, the insulin sensitivity index (SI) was not associated with any of the outcomes of interest, nor did it modulate the association with the outcomes of interest and AIRg.
In multiple linear regression analyses, insulin was not independently related to AgeM. However, in our subjects, AA had significantly greater AIRg, E2, and FSH levels than age-matched EA, and AIRg was positively associated with E2. Furthermore, when the sample was divided according to high vs. low AIRg, AA had greater E2 than EA in the high AIRg group. This observation suggests that high postchallenge insulin concentrations may have a greater effect on E2 synthesis among AA vs. EA. Therefore, although our data do not support a direct causal relationship between insulin level and AgeM, the association of higher insulin with higher E2 may indirectly contribute to earlier AgeM in AA.
In conjunction with accelerating the onset of puberty and advancing AgeM, relatively high insulin among girls may simultaneously accelerate fat deposition. Insulin participates in the regulation of lipid metabolism by both stimulating free fatty acid uptake into adipocytes, and inhibiting triglyceride lipolysis and fatty acid mobilization. Whether relatively high endogenous insulin promotes accelerated or preferential accretion of adipose tissue has not been established (23) . However, the ability of relatively high insulin to stimulate the reproductive-endocrine axis could lead to a synergistic effect of insulin and E2 (24) on fat deposition. This effect may be further accelerated among girls with earlier AgeM.
It has been reported that earlier AgeM is associated with greater fat deposition. For example, in the Fels Longitudinal Study (17) , earlier maturing girls were heavier and had greater adiposity than average-or late-maturing girls. However, the inverse association between BMI and AgeM is apparent only in EA girls (4, 25) ; among AA, AgeM was independent of adiposity (6, 25) . This observation supports the hypothesis that adiposity per se does not accelerate AgeM. Rather, we propose that both adiposity and early AgeM have the common antecedent of relatively high circulating insulin.
In our subjects, AA but not EA girls showed an accelerated rate of fat deposition after menarche. In contrast, there was no difference between AA and EA in percent fat gained per year leading up to menarche. These results suggest that AA girls are uniquely sensitive to the endocrine changes associated with the onset of menarche, such that these changes have a profound effect on energy balance. Whether the greater increase in E2 and insulin during the pubertal transition among AA vs. EA girls is causally related to their accelerated fat gain is not clear and warrants further study.
In conclusion, results suggested that the higher insulin response in AA vs. EA girls was associated with their higher E2. Furthermore, reproductive maturation appeared to be associated with an acceleration of fat deposition among AA girls. Potential cause-and-effect associations among E2, insulin, and fat xcdeposition deserve further study. Studies are needed to determine whether diets that lower postprandial insulin secretion can mitigate maturation-related changes in fat accrual among AA girls and identify the optimal diet for healthy maturation in this population.
